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(54) FRACTURING AND REACTIVATED FRACTURE VOLUMES

(57) A method can include receiving mechanical in-
formation of a geologic environment and location infor-
mation of natural fractures of the geologic environment;
using a model of the geologic environment, calculating
at least strain associated with hydraulic fracturing in the
geologic environment; calculating at least microseismic-
ity event locations based at least in part on the calculated
strain; calibrating the model based at least in part on the
calculated microseismicity event locations and based at
least in part on measured microseismicity information as-
sociated with the geologic environment to provide a cal-
ibrated model; and, using the calibrated model, deter-
mining an increase in reactivated fracture volume asso-
ciated with hydraulic fracturing in the geologic environ-
ment.
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Description

RELATED APPLICATION

[0001] This application claims the benefit of and priority
to a U.S. provisional application having Serial No.
62/017,010, filed 25 June 2014 and U.S. non provisional
application having Serial No. 14/723148, filed 27 May
2015, both of which are incorporated by reference herein.

BACKGROUND

[0002] Fracturing of a geologic environment can in-
crease permeability of the geologic environment, which
may help to increase production of a resource from the
geologic environment.

SUMMARY

[0003] A method can include receiving mechanical in-
formation of a geologic environment and location infor-
mation of natural fractures of the geologic environment;
using a model of the geologic environment, calculating
at least strain associated with hydraulic fracturing in the
geologic environment; calculating at least microseismic-
ity event locations based at least in part on the calculated
strain; calibrating the model based at least in part on the
calculated microseismicity event locations and based at
least in part on measured microseismicity information as-
sociated with the geologic environment to provide a cal-
ibrated model; and, using the calibrated model, deter-
mining an increase in reactivated fracture volume asso-
ciated with hydraulic fracturing in the geologic environ-
ment. A system can include a processor; memory oper-
atively coupled to the processor; and one or more mod-
ules that include processor-executable instructions
stored in the memory to instruct the system to receive
mechanical information of a geologic environment and
location information of natural fractures of the geologic
environment; use a model of the geologic environment
to calculate at least strain associated with hydraulic frac-
turing in the geologic environment; calculate at least mi-
croseismicity event locations based at least in part on
the calculated strain; calibrate the model based at least
in part on the calculated microseismicity event locations
and based at least in part on measured microseismicity
information associated with the geologic environment to
provide a calibrated model; and use the calibrated model
to determine an increase in reactivated fracture volume
associated with hydraulic fracturing in the geologic envi-
ronment. One or more computer-readable storage media
can include computer-executable instructions to instruct
a computer to: receive mechanical information of a geo-
logic environment and location information of natural
fractures of the geologic environment; use a model of the
geologic environment to calculate at least strain associ-
ated with hydraulic fracturing in the geologic environ-
ment; calculate at least microseismicity event locations

based at least in part on the calculated strain; calibrate
the model based at least in part on the calculated micro-
seismicity event locations and based at least in part on
measured microseismicity information associated with
the geologic environment to provide a calibrated model;
and use the calibrated model to determine an increase
in reactivated fracture volume associated with hydraulic
fracturing in the geologic environment. Various other ap-
paratuses, systems, methods, etc., are also disclosed.
[0004] This summary is provided to introduce a selec-
tion of concepts that are further described below in the
detailed description. This summary is not intended to
identify key or essential features of the claimed subject
matter, nor is it intended to be used as an aid in limiting
the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Features and advantages of the described im-
plementations can be more readily understood by refer-
ence to the following description taken in conjunction with
the accompanying drawings.

Fig. 1 illustrates an example system that includes
various components for modeling a geologic envi-
ronment and various equipment associated with the
geologic environment;
Fig. 2 illustrates an example of a sedimentary basin,
an example of a method, an example of a formation,
an example of a borehole, an example of a borehole
tool, an example of a convention and an example of
a system;
Fig. 3 illustrates an example of a technique that may
acquire data;
Fig. 4 illustrates an example of a model that includes
fractures and an example of a method;
Fig. 5 illustrates an example of a fracture in a geo-
logic environment and an example of a method;
Fig. 6 illustrates examples of analysis techniques as-
sociated with microseismology;
Fig. 7 illustrates an example of a method;
Fig. 8 illustrates an example of a method;
Fig. 9 illustrates example plots;
Fig. 10 illustrates example plots;
Fig. 11 illustrates example plots;
Fig. 12 illustrates an example of a plot;
Fig. 13 illustrates an example of a plot;
Fig. 14 illustrates an example of a plot;
Fig. 15 illustrates an example of a workflow and input
to the workflow; and
Fig. 16 illustrates example components of a system
and a networked system.

DETAILED DESCRIPTION

[0006] This description is not to be taken in a limiting
sense, but rather is made merely for the purpose of de-
scribing the general principles of the implementations.
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The scope of the described implementations should be
ascertained with reference to the issued claims.
[0007] Fig. 1 shows an example of a system 100 that
includes various management components 110 to man-
age various aspects of a geologic environment 150 (e.g.,
an environment that includes a sedimentary basin, a res-
ervoir 151, one or more faults, 153-1, geobodies 153-2,
fractures 159, etc.). For example, the management com-
ponents 110 may allow for direct or indirect management
of sensing, drilling, injecting, extracting, etc., with respect
to the geologic environment 150. In turn, further informa-
tion about the geologic environment 150 may become
available as feedback 160 (e.g., optionally as input to
one or more of the management components 110).
[0008] In the example of Fig. 1, the management com-
ponents 110 include a seismic data component 112, an
additional information component 114 (e.g., well/logging
data), a processing component 116, a simulation com-
ponent 120, an attribute component 130, an analysis/vis-
ualization component 142 and a workflow component
144. In operation, seismic data and other information pro-
vided per the components 112 and 114 may be input to
the simulation component 120.
[0009] In an example embodiment, the simulation
component 120 may rely on entities 122. Entities 122
may include earth entities or geological objects such as
wells, surfaces, bodies, reservoirs, etc. In the system
100, the entities 122 can include virtual representations
of actual physical entities that are reconstructed for pur-
poses of simulation. The entities 122 may include entities
based on data acquired via sensing, observation, etc.
(e.g., the seismic data 112 and other information 114).
An entity may be characterized by one or more properties
(e.g., a geometrical pillar grid entity of an earth model
may be characterized by a porosity property). Such prop-
erties may represent one or more measurements (e.g.,
acquired data), calculations, etc.
[0010] In an example embodiment, the simulation
component 120 may operate in conjunction with a soft-
ware framework such as an object-based framework. In
such a framework, entities may include entities based on
pre-defined classes to facilitate modeling and simulation.
A commercially available example of an object-based
framework is the MICROSOFT™ .NET™ framework
(Redmond, Washington), which provides a set of exten-
sible object classes. In the .NET™ framework, an object
class encapsulates a module of reusable code and as-
sociated data structures. Object classes can be used to
instantiate object instances for use in by a program,
script, etc. For example, borehole classes may define
objects for representing boreholes based on well data.
[0011] In the example of Fig. 1, the simulation compo-
nent 120 may process information to conform to one or
more attributes specified by the attribute component 130,
which may include a library of attributes. Such processing
may occur prior to input to the simulation component 120
(e.g., consider the processing component 116). As an
example, the simulation component 120 may perform op-

erations on input information based on one or more at-
tributes specified by the attribute component 130. In an
example embodiment, the simulation component 120
may construct one or more models of the geologic envi-
ronment 150, which may be relied on to simulate behavior
of the geologic environment 150 (e.g., responsive to one
or more acts, whether natural or artificial). In the example
of Fig. 1, the analysis/visualization component 142 may
allow for interaction with a model or model-based results
(e.g., simulation results, etc.). As an example, output
from the simulation component 120 may be input to one
or more other workflows, as indicated by a workflow com-
ponent 144.
[0012] As an example, the simulation component 120
may include one or more features of a simulator such as
the ECLIPSE™ reservoir simulator (Schlumberger Lim-
ited, Houston Texas), the INTERSECT™ reservoir sim-
ulator (Schlumberger Limited, Houston Texas), etc. As
an example, a simulation component, a simulator, etc.
may include features to implement one or more meshless
techniques (e.g., to solve one or more equations, etc.).
As an example, a reservoir or reservoirs may be simu-
lated with respect to one or more enhanced recovery
techniques (e.g., consider a thermal process such as
SAGD, etc.).
[0013] In an example embodiment, the management
components 110 may include features of a commercially
available framework such as the PETREL™ seismic to
simulation software framework (Schlumberger Limited,
Houston, Texas). The PETREL™ framework provides
components that allow for optimization of exploration and
development operations. The PETREL™ framework in-
cludes seismic to simulation software components that
can output information for use in increasing reservoir per-
formance, for example, by improving asset team produc-
tivity. Through use of such a framework, various profes-
sionals (e.g., geophysicists, geologists, and reservoir en-
gineers) can develop collaborative workflows and inte-
grate operations to streamline processes. Such a frame-
work may be considered an application and may be con-
sidered a data-driven application (e.g., where data is in-
put for purposes of modeling, simulating, etc.).
[0014] In an example embodiment, various aspects of
the management components 110 may include add-ons
or plug-ins that operate according to specifications of a
framework environment. For example, a commercially
available framework environment marketed as the
OCEAN™ framework environment (Schlumberger Limit-
ed, Houston, Texas) allows for integration of add-ons (or
plugins) into a PETREL™ framework workflow. The
OCEAN™ framework environment leverages .NET™

tools (Microsoft Corporation, Redmond, Washington)
and offers stable, user-friendly interfaces for efficient de-
velopment. In an example embodiment, various compo-
nents may be implemented as add-ons (or plug-ins) that
conform to and operate according to specifications of a
framework environment (e.g., according to application
programming interface (API) specifications, etc.).
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[0015] Fig. 1 also shows an example of a framework
170 that includes a model simulation layer 180 along with
a framework services layer 190, a framework core layer
195 and a modules layer 175. The framework 170 may
include the commercially available OCEAN™ framework
where the model simulation layer 180 is the commercially
available PETREL™ model-centric software package
that hosts OCEAN™ framework applications. In an ex-
ample embodiment, the PETREL™ software may be con-
sidered a data-driven application. The PETREL™ soft-
ware can include a framework for model building and
visualization.
[0016] As an example, a framework may include fea-
tures for implementing one or more mesh generation
techniques. For example, a framework may include an
input component for receipt of information from interpre-
tation of seismic data, one or more attributes based at
least in part on seismic data, log data, image data, etc.
Such a framework may include a mesh generation com-
ponent that processes input information, optionally in
conjunction with other information, to generate a mesh.
[0017] In the example of Fig. 1, the model simulation
layer 180 may provide domain objects 182, act as a data
source 184, provide for rendering 186 and provide for
various user interfaces 188. Rendering 186 may provide
a graphical environment in which applications can display
their data while the user interfaces 188 may provide a
common look and feel for application user interface com-
ponents.
[0018] As an example, the domain objects 182 can in-
clude entity objects, property objects and optionally other
objects. Entity objects may be used to geometrically rep-
resent wells, surfaces, bodies, reservoirs, etc., while
property objects may be used to provide property values
as well as data versions and display parameters. For
example, an entity object may represent a well where a
property object provides log information as well as ver-
sion information and display information (e.g., to display
the well as part of a model).
[0019] In the example of Fig. 1, data may be stored in
one or more data sources (or data stores, generally phys-
ical data storage devices), which may be at the same or
different physical sites and accessible via one or more
networks. The model simulation layer 180 may be con-
figured to model projects. As such, a particular project
may be stored where stored project information may in-
clude inputs, models, results and cases. Thus, upon com-
pletion of a modeling session, a user may store a project.
At a later time, the project can be accessed and restored
using the model simulation layer 180, which can recreate
instances of the relevant domain objects.
[0020] In the example of Fig. 1, the geologic environ-
ment 150 may include layers (e.g., stratification) that in-
clude the reservoir 151 and one or more other features
such as the fault 153-1, the geobody 153-2, the fractures
159, etc. As an example, the geologic environment 150
may be outfitted with any of a variety of sensors, detec-
tors, actuators, etc. For example, equipment 152 may

include communication circuitry to receive and to transmit
information with respect to one or more networks 155.
Such information may include information associated
with downhole equipment 154, which may be equipment
to acquire information, to assist with resource recovery,
etc. Other equipment 156 may be located remote from a
well site and include sensing, detecting, emitting or other
circuitry. Such equipment may include storage and com-
munication circuitry to store and to communicate data,
instructions, etc. As an example, one or more satellites
may be provided for purposes of communications, data
acquisition, etc. For example, Fig. 1 shows a satellite in
communication with the network 155 that may be config-
ured for communications, noting that the satellite may
additionally or alternatively include circuitry for imagery
(e.g., spatial, spectral, temporal, radiometric, etc.).
[0021] Fig. 1 also shows the geologic environment 150
as optionally including equipment 157 and 158 associat-
ed with a well that includes a substantially horizontal por-
tion that may intersect with the one or more fractures
159. For example, consider a well in a shale formation
that may include natural fractures, artificial fractures
(e.g., hydraulic fractures) or a combination of natural and
artificial fractures. As an example, a well may be drilled
for a reservoir that is laterally extensive. In such an ex-
ample, lateral variations in properties, stresses, etc. may
exist where an assessment of such variations may assist
with planning, operations, etc. to develop a laterally ex-
tensive reservoir (e.g., via fracturing, injecting, extract-
ing, etc.). As an example, the equipment 157 and/or 158
may include components, a system, systems, etc. for
fracturing, seismic sensing, analysis of seismic data, as-
sessment of one or more fractures, etc.
[0022] As mentioned, the system 100 may be used to
perform one or more workflows, which may include, for
example, interacting with an environment, equipment in
an environment, etc. A workflow may be a process that
includes a number of worksteps. A workstep may operate
on data, for example, to create new data, to update ex-
isting data, etc. As an example, a workstep may operate
on one or more inputs and create one or more results,
for example, based on one or more algorithms. As an
example, a system may include a workflow editor for cre-
ation, editing, executing, etc. of a workflow. In such an
example, the workflow editor may provide for selection
of one or more pre-defined worksteps, one or more cus-
tomized worksteps, etc. As an example, a workflow may
be a workflow implementable in the PETREL™ software,
for example, that operates on seismic data, seismic at-
tribute(s), etc. As an example, a workflow may be a proc-
ess implementable in the OCEAN™ framework. As an
example, a workflow may include one or more worksteps
that access a module such as a plug-in (e.g., external
executable code, etc.).
[0023] Fig. 2 shows an example of a sedimentary basin
210 (e.g., a geologic environment), an example of a meth-
od 220 for model building (e.g., for a simulator, etc.), an
example of a formation 230, an example of a borehole
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235 in a formation, an example of a convention 240 and
an example of a system 250.
[0024] As an example, reservoir simulation, petroleum
systems modeling, etc. may be applied to characterize
various types of subsurface environments, including en-
vironments such as those of Fig. 1.
[0025] In Fig. 2, the sedimentary basin 210, which is a
geologic environment, includes horizons, faults, one or
more geobodies and facies formed over some period of
geologic time. These features are distributed in two or
three dimensions in space, for example, with respect to
a Cartesian coordinate system (e.g., x, y and z) or other
coordinate system (e.g., cylindrical, spherical, etc.). As
shown, the model building method 220 includes a data
acquisition block 224 and a model geometry block 228.
Some data may be involved in building an initial model
and, thereafter, the model may optionally be updated in
response to model output, changes in time, physical phe-
nomena, additional data, etc. As an example, data for
modeling may include one or more of the following: depth
or thickness maps and fault geometries and timing from
seismic, remote-sensing, electromagnetic, gravity, out-
crop and well log data. Furthermore, data may include
depth and thickness maps stemming from facies varia-
tions (e.g., due to seismic unconformities) assumed to
following geological events ("iso" times) and data may
include lateral facies variations (e.g., due to lateral vari-
ation in sedimentation characteristics).
[0026] To proceed to modeling of geological process-
es, data may be provided, for example, data such as
geochemical data (e.g., temperature, kerogen type, or-
ganic richness, etc.), timing data (e.g., from paleontology,
radiometric dating, magnetic reversals, rock and fluid
properties, etc.) and boundary condition data (e.g., heat-
flow history, surface temperature, paleowater depth,
etc.).
[0027] In basin and petroleum systems modeling,
quantities such as temperature, pressure and porosity
distributions within the sediments may be modeled, for
example, by solving partial differential equations (PDEs)
using one or more numerical techniques. Modeling may
also model geometry with respect to time, for example,
to account for changes stemming from geological events
(e.g., deposition of material, erosion of material, shifting
of material, etc.).
[0028] A commercially available modeling framework
marketed as the PETROMOD™ framework (Schlum-
berger Limited, Houston, Texas) includes features for in-
put of various types of information (e.g., seismic, well,
geological, etc.) to model evolution of a sedimentary ba-
sin. The PETROMOD™ framework provides for petrole-
um systems modeling via input of various data such as
seismic data, well data and other geological data, for ex-
ample, to model evolution of a sedimentary basin. The
PETROMOD™ framework may predict if, and how, a res-
ervoir has been charged with hydrocarbons, including,
for example, the source and timing of hydrocarbon gen-
eration, migration routes, quantities, pore pressure and

hydrocarbon type in the subsurface or at surface condi-
tions. In combination with a framework such as the PET-
REL™ framework, workflows may be constructed to pro-
vide basin-to-prospect scale exploration solutions. Data
exchange between frameworks can facilitate construc-
tion of models, analysis of data (e.g., PETROMOD™

framework data analyzed using PETREL™ framework
capabilities), and coupling of workflows.
[0029] As shown in Fig. 2, the formation 230 includes
a horizontal surface and various subsurface layers. As
an example, a borehole may be vertical. As another ex-
ample, a borehole may be deviated. In the example of
Fig. 2, the borehole 235 may be considered a vertical
borehole, for example, where the z-axis extends down-
wardly normal to the horizontal surface of the formation
230. As an example, a tool 237 may be positioned in a
borehole, for example, to acquire information. As men-
tioned, a borehole tool may be configured to acquire elec-
trical borehole images. As an example, the fullbore FOR-
MATION MICROIMAGER™ (FMI) tool (Schlumberger
Limited, Houston, Texas) can acquire borehole image
data. A data acquisition sequence for such a tool can
include running the tool into a borehole with acquisition
pads closed, opening and pressing the pads against a
wall of the borehole, delivering electrical current into the
material defining the borehole while translating the tool
in the borehole, and sensing current remotely, which is
altered by interactions with the material.
[0030] As an example, a borehole may be vertical, de-
viate and/or horizontal. As an example, a tool may be
positioned to acquire information in a horizontal portion
of a borehole. Analysis of such information may reveal
vugs, dissolution planes (e.g., dissolution along bedding
planes), stress-related features, dip events, etc. As an
example, a tool may acquire information that may help
to characterize a fractured reservoir, optionally where
fractures may be natural and/or artificial (e.g., hydraulic
fractures). Such information may assist with completions,
stimulation treatment, etc. As an example, information
acquired by a tool may be analyzed using a framework
such as the TECHLOG™ framework (Schlumberger Lim-
ited, Houston, Texas).
[0031] As to the convention 240 for dip, as shown, the
three dimensional orientation of a plane can be defined
by its dip and strike. Dip is the angle of slope of a plane
from a horizontal plane (e.g., an imaginary plane) meas-
ured in a vertical plane in a specific direction. Dip may
be defined by magnitude (e.g., also known as angle or
amount) and azimuth (e.g., also known as direction). As
shown in the convention 240 of Fig. 2, various angles φ
indicate angle of slope downwards, for example, from an
imaginary horizontal plane (e.g., flat upper surface);
whereas, dip refers to the direction towards which a dip-
ping plane slopes (e.g., which may be given with respect
to degrees, compass directions, etc.). Another feature
shown in the convention of Fig. 2 is strike, which is the
orientation of the line created by the intersection of a
dipping plane and a horizontal plane (e.g., consider the
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flat upper surface as being an imaginary horizontal
plane).
[0032] Some additional terms related to dip and strike
may apply to an analysis, for example, depending on
circumstances, orientation of collected data, etc. One
term is "true dip" (see, e.g., DipT in the convention 240
of Fig. 2). True dip is the dip of a plane measured directly
perpendicular to strike (see, e.g., line directed northward-
ly and labeled "strike" and angle α90) and also the max-
imum possible value of dip magnitude. Another term is
"apparent dip" (see, e.g., DipA in the convention 240 of
Fig. 2). Apparent dip may be the dip of a plane as meas-
ured in any other direction except in the direction of true
dip (see, e.g., φA as DipA for angle α); however, it is pos-
sible that the apparent dip is equal to the true dip (see,
e.g., φ as DipA = DipT for angle α90 with respect to the
strike). In other words, where the term apparent dip is
used (e.g., in a method, analysis, algorithm, etc.), for a
particular dipping plane, a value for "apparent dip" may
be equivalent to the true dip of that particular dipping
plane.
[0033] As shown in the convention 240 of Fig. 2, the
dip of a plane as seen in a cross-section perpendicular
to the strike is true dip (see, e.g., the surface with φ as
DipA = DipT for angle α90 with respect to the strike). As
indicated, dip observed in a cross-section in any other
direction is apparent dip (see, e.g., surfaces labeled Di-
pA). Further, as shown in the convention 240 of Fig. 2,
apparent dip may be approximately 0 degrees (e.g., par-
allel to a horizontal surface where an edge of a cutting
plane runs along a strike direction).
[0034] In terms of observing dip in wellbores, true dip
is observed in wells drilled vertically. In wells drilled in
any other orientation (or deviation), the dips observed
are apparent dips (e.g., which are referred to by some
as relative dips). In order to determine true dip values for
planes observed in such boreholes, as an example, a
vector computation (e.g., based on the borehole devia-
tion) may be applied to one or more apparent dip values.
[0035] As mentioned, another term that finds use in
sedimentological interpretations from borehole images
is "relative dip" (e.g., DipR). A value of true dip measured
from borehole images in rocks deposited in very calm
environments may be subtracted (e.g., using vector-sub-
traction) from dips in a sand body. In such an example,
the resulting dips are called relative dips and may find
use in interpreting sand body orientation.
[0036] A convention such as the convention 240 may
be used with respect to an analysis, an interpretation, an
attribute, etc. (see, e.g., various blocks of the system 100
of Fig. 1). As an example, various types of features may
be described, in part, by dip (e.g., sedimentary bedding,
faults and fractures, cuestas, igneous dikes and sills,
metamorphic foliation, etc.). As an example, dip may
change spatially as a layer approaches a geobody. For
example, consider a salt body that may rise due to various
forces (e.g., buoyancy, etc.). In such an example, dip
may trend upward as a salt body moves upward.

[0037] Seismic interpretation may aim to identify
and/or classify one or more subsurface boundaries
based at least in part on one or more dip parameters
(e.g., angle or magnitude, azimuth, etc.). As an example,
various types of features (e.g., sedimentary bedding,
faults and fractures, cuestas, igneous dikes and sills,
metamorphic foliation, etc.) may be described at least in
part by angle, at least in part by azimuth, etc.
[0038] As an example, equations may be provided for
petroleum expulsion and migration, which may be mod-
eled and simulated, for example, with respect to a period
of time. Petroleum migration from a source material (e.g.,
primary migration or expulsion) may include use of a sat-
uration model where migration-saturation values control
expulsion. Determinations as to secondary migration of
petroleum (e.g., oil or gas), may include using hydrody-
namic potential of fluid and accounting for driving forces
that promote fluid flow. Such forces can include buoyancy
gradient, pore pressure gradient, and capillary pressure
gradient.
[0039] As shown in Fig. 2, the system 250 includes one
or more information storage devices 252, one or more
computers 254, one or more networks 260 and one or
more modules 270. As to the one or more computers
254, each computer may include one or more processors
(e.g., or processing cores) 256 and memory 258 for stor-
ing instructions (e.g., modules), for example, executable
by at least one of the one or more processors. As an
example, a computer may include one or more network
interfaces (e.g., wired or wireless), one or more graphics
cards, a display interface (e.g., wired or wireless), etc.
As an example, imagery such as surface imagery (e.g.,
satellite, geological, geophysical, etc.) may be stored,
processed, communicated, etc. As an example, data may
include SAR data, GPS data, etc. and may be stored, for
example, in one or more of the storage devices 252.
[0040] As an example, the one or more modules 270
may include instructions (e.g., stored in memory) exe-
cutable by one or more processors to instruct the system
250 to perform various actions. As an example, the sys-
tem 250 may be configured such that the one or more
modules 270 provide for establishing the framework 170
of Fig. 1 or a portion thereof. As an example, one or more
methods, techniques, etc. may be performed using one
or more modules, which may be, for example, one or
more of the one or more modules 270 of Fig. 2.
[0041] As mentioned, seismic data may be acquired
and analyzed to understand better subsurface structure
of a geologic environment. Reflection seismology finds
use in geophysics, for example, to estimate properties
of subsurface formations. As an example, reflection seis-
mology may provide seismic data representing waves of
elastic energy (e.g., as transmitted by P-waves and S-
waves, in a frequency range of approximately 1 Hz to
approximately 100 Hz or optionally less than about 1 Hz
and/or optionally more than about 100 Hz). Seismic data
may be processed and interpreted, for example, to un-
derstand better composition, fluid content, extent and ge-
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ometry of subsurface rocks.
[0042] Fig. 3 shows an example of an acquisition tech-
nique 340 to acquire seismic data (see, e.g., data 360).
As an example, a system may process data acquired by
the technique 340, for example, to allow for direct or in-
direct management of sensing, drilling, injecting, extract-
ing, etc., with respect to a geologic environment. In turn,
further information about the geologic environment may
become available as feedback (e.g., optionally as input
to the system). As an example, an operation may pertain
to a reservoir that exists in a geologic environment such
as, for example, a reservoir. As an example, a technique
may provide information (e.g., as an output) that may
specifies one or more location coordinates of a feature
in a geologic environment, one or more characteristics
of a feature in a geologic environment, etc.
[0043] In Fig. 3, the technique 340 may be implement-
ed with respect to a geologic environment 341. As shown,
an energy source (e.g., a transmitter) 342 may emit en-
ergy where the energy travels as waves that interact with
the geologic environment 341. As an example, the geo-
logic environment 341 may include a bore 343 where one
or more sensors (e.g., receivers) 344 may be positioned
in the bore 343. As an example, energy emitted by the
energy source 342 may interact with a layer (e.g., a struc-
ture, an interface, etc.) 345 in the geologic environment
341 such that a portion of the energy is reflected, which
may then be sensed by one or more of the sensors 344.
Such energy may be reflected as an upgoing primary
wave (e.g., or "primary" or "singly" reflected wave). As
an example, a portion of emitted energy may be reflected
by more than one structure in the geologic environment
and referred to as a multiple reflected wave (e.g., or "mul-
tiple"). For example, the geologic environment 341 is
shown as including a layer 347 that resides below a sur-
face layer 349. Given such an environment and arrange-
ment of the source 342 and the one or more sensors 344,
energy may be sensed as being associated with partic-
ular types of waves.
[0044] As an example, a "multiple" may refer to multiply
reflected seismic energy or, for example, an event in seis-
mic data that has incurred more than one reflection in its
travel path. As an example, depending on a time delay
from a primary event with which a multiple may be asso-
ciated, a multiple may be characterized as a short-path
or a peg-leg, for example, which may imply that a multiple
may interfere with a primary reflection, or long-path, for
example, where a multiple may appear as a separate
event. As an example, seismic data may include evi-
dence of an interbed multiple from bed interfaces, evi-
dence of a multiple from a water interface (e.g., an inter-
face of a base of water and rock or sediment beneath it)
or evidence of a multiple from an air-water interface, etc.
[0045] As shown in Fig. 3, the acquired data 360 can
include data associated with downgoing direct arrival
waves, reflected upgoing primary waves, downgoing
multiple reflected waves and reflected upgoing multiple
reflected waves. The acquired data 360 is also shown

along a time axis and a depth axis. As indicated, in a
manner dependent at least in part on characteristics of
media in the geologic environment 341, waves travel at
velocities over distances such that relationships may ex-
ist between time and space. Thus, time information, as
associated with sensed energy, may allow for under-
standing spatial relations of layers, interfaces, structures,
etc. in a geologic environment.
[0046] Fig. 3 also shows a diagram 380 that illustrates
various types of waves as including P, SV an SH waves.
As an example, a P-wave may be an elastic body wave
or sound wave in which particles oscillate in the direction
the wave propagates. As an example, P-waves incident
on an interface (e.g., at other than normal incidence, etc.)
may produce reflected and transmitted S-waves (e.g.,
"converted" waves). As an example, an S-wave or shear
wave may be an elastic body wave, for example, in which
particles oscillate perpendicular to the direction in which
the wave propagates. S-waves may be generated by a
seismic energy sources (e.g., other than an air gun). As
an example, S-waves may be converted to P-waves. S-
waves tend to travel more slowly than P-waves and do
not travel through fluids that do not support shear. In gen-
eral, recording of S-waves involves use of one or more
receivers operatively coupled to earth (e.g., capable of
receiving shear forces with respect to time). As an ex-
ample, interpretation of S-waves may allow for determi-
nation of rock properties such as fracture density and
orientation, Poisson’s ratio and rock type, for example,
by crossplotting P-wave and S-wave velocities, and/or
by other techniques.
[0047] As an example of parameters that may charac-
terize anisotropy of media (e.g., seismic anisotropy), con-
sider the Thomsen parameters ε, δ and γ. The Thomsen
parameter δ describes depth mismatch between logs
(e.g., actual depth) and seismic depth. As to the Thomsen
parameter ε, it describes a difference between vertical
and horizontal compressional waves (e.g., P or P-wave
or quasi compressional wave qP or qP-wave). As to the
Thomsen parameter γ, it describes a difference between
horizontally polarized and vertically polarized shear
waves (e.g., horizontal shear wave SH or SH-wave and
vertical shear wave SV or SV-wave or quasi vertical shear
wave qSV or qSV-wave). Thus, the Thomsen parameters
ε and γ may be estimated from wave data while estimation
of the Thomsen parameter δ may involve access to ad-
ditional information.
[0048] In the example of Fig. 3, a diagram 390 shows
acquisition equipment 392 emitting energy from a source
(e.g., a transmitter) and receiving reflected energy via
one or more sensors (e.g., receivers) strung along an
inline direction. As the region includes layers 393 and,
for example, the geobody 395, energy emitted by a trans-
mitter of the acquisition equipment 392 can reflect off the
layers 393 and the geobody 395. Evidence of such re-
flections may be found in the acquired traces. As to the
portion of a trace 396, energy received may be discre-
tized by an analog-to-digital converter that operates at a

11 12 



EP 2 960 680 A1

8

5

10

15

20

25

30

35

40

45

50

55

sampling rate. For example, the acquisition equipment
392 may convert energy signals sensed by sensor Q to
digital samples at a rate of one sample per approximately
4 ms. Given a speed of sound in a medium or media, a
sample rate may be converted to an approximate dis-
tance. For example, the speed of sound in rock may be
on the order of around 5 km per second. Thus, a sample
time spacing of approximately 4 ms would correspond to
a sample "depth" spacing of about 10 meters (e.g., as-
suming a path length from source to boundary and
boundary to sensor). As an example, a trace may be
about 4 seconds in duration; thus, for a sampling rate of
one sample at about 4 ms intervals, such a trace would
include about 1000 samples where latter acquired sam-
ples correspond to deeper reflection boundaries. If the 4
second trace duration of the foregoing example is divided
by two (e.g., to account for reflection), for a vertically
aligned source and sensor, the deepest boundary depth
may be estimated to be about 10 km (e.g., assuming a
speed of sound of about 5 km per second).
[0049] Resource recovery from a geologic environ-
ment may benefit from application of one or more en-
hanced recovery techniques (e.g., consider an enhanced
oil recovery (EOR) technique, etc.). For example, a ge-
ologic environment may be artificially fractured to in-
crease flow of fluid from a reservoir to a well or wells. As
an example, consider hydraulic fracturing where fluid
pressure is applied to a subterranean environment to
generate fractures that can act as flow channels. Hydrau-
lic fracturing may be planned in advance, for example,
to develop a region, which may be referred to as a drain-
age area. Hydraulic fracturing may be analyzed during
or post-fracturing. As an example, hydraulic fracturing
may occur in stages where a later stage may be planned
at least in part based on information associated with one
or more earlier stages.
[0050] Fig. 4 shows an example of a model 401, a mod-
el 420 and a method 450. As shown, the model 401 can
include constructs that model, for example, a matrix 411,
a well 412, natural fractures 413, hydraulic fractures 414,
stimulated fractures 415 and a stimulated inter-hydraulic
fracture region 416. In the example of Fig. 4, the model
401 may encompass a drainage area, for example, de-
fined as covering a surface area and as having a depth
or depths. Given parameter values for the various con-
structs (e.g., locations, characteristics, etc.), the model
401 may be formulated with respect to a grid to form a
numerical model suitable for providing solutions via a nu-
merical solver.
[0051] In the example of Fig. 4, a three-dimensional
grid with a well head for a well may extend along an axis
where hydraulic fractures and other constructs may be
modeled within the grid. As an example, by inputting the
model and parameters into a numerical solver, results
may be generated. For example, results may include
pressure values that may be presented as contours with
respect to a grid (e.g., consider pressure isobars where
outer isobars are at higher pressures than an inner iso-

bar, which may correspond to pressure in a horizontal
wellbore). As mentioned, where pressure is higher in a
matrix and fractures that intersect a wellbore than in the
wellbore, fluid may flow from the matrix and fractures to
the wellbore. As fluid is depleted from the matrix, pres-
sure may drop and hence production may drop. The mod-
el 401 may be used to simulate production with respect
to time, for example, for future times to estimate how
depletion occurs and to estimate an ultimate recovery
(e.g., EUR).
[0052] As an example, a model may implement a dual
porosity approach (e.g., a continuum approach) for at
least a portion of a formation (e.g., a drainage area). As
an example, such a model may include one or more con-
structs for a shale gas formation.
[0053] Due to low stress anisotropy in shale gas for-
mations, hydraulic fractures may be non-planar fractures
that may develop a complex fracture network. Expansion
of these non-planar hydraulic fractures may be repre-
sented in a model as a wide simulation cell that includes
a relatively high permeability.
[0054] For a fracture system, natural fractures within
a shale gas formation may also be considered. Such nat-
ural fractures may be found to be mineralized (e.g., cal-
cite, etc.) or inactive. A model may include equations that
provide for activation of such fractures, for example, re-
sponsive to hydraulic fracturing where microfractures are
opened to provide for fluid flow. Such fractures may be
considered as being stimulated fractures, for example,
such fractures may be reactivated natural fractures (e.g.,
reactivated in response to an interventions such as hy-
draulic fracturing). As an example, a model may include
four types of permeable media: matrix, natural fractures,
stimulated fractures, and hydraulic fractures. As to a de-
sorption process, a model may include equations that
account for a Langmuir pressure and a Langmuir volume.
[0055] As to the model 420, it includes, as an example,
a horizontal well intersected by multiple transverse ver-
tical hydraulic fractures. Equations may be associated
with the model 420 such as, for example, equations that
depend on dimensions and properties of the vertical frac-
tures. As an example, consider a trilinear model that in-
cludes equations for analysis of low-permeability (e.g.,
micro- and nano-Darcy range) fractured shale reservoirs
according to three linear flow regions. Such a model may
help to characterize a drainage area completed with one
or more horizontal wells that intersect multiple transverse
vertical fractures. Such a model may assist with planning
and other aspects of field development, operations, etc.
[0056] As an example, a trilinear model can include a
first region of idealized linear flow in a reservoir region
within a length of fractures. Within the first region, linear
flow may be assumed to exist in which fluid flow is normal
to a plane of one or more vertical fractures. In such an
example, reservoir volume may be defined by lengths of
vertical fractures, formation thickness, number of vertical
fractures, and spacing between adjacent fractures (e.g.,
consider a reservoir volume that may be referred to as a
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stimulated reservoir volume (SRV)). As an example, a
second region in a trilinear model may be for idealized
linear flow within a fracture and a third region may be for
idealized linear flow in one or more reservoir regions be-
yond a length of vertical fracture(s). In low permeability
reservoirs (e.g., such as fractured shale gas and oil res-
ervoirs), contribution to production of a well from a res-
ervoir region that lies beyond the SRV may be negligible
in practice.
[0057] Fig. 4 also shows an example of a method 450
that includes a delivery block 454 for delivering fluid to a
subterranean environment, a monitor block 458 for mon-
itoring fluid pressure and a generation block 462 for gen-
erating fractures via fluid pressure. As an example, the
generation block 462 may include activating one or more
fractures. As an example, the generation block 462 may
include generating and activating fractures. As an exam-
ple, activation may occur with respect to a pre-existing
feature such as a fault or a fracture. As an example, a
pre-existing fracture network may be at least in part ac-
tivated via a method that includes applying fluid pressure
in a subterranean environment.
[0058] The method 450 may be referred to as a treat-
ment method or a "treatment". Such a method may in-
clude pumping an engineered fluid (e.g., a treatment flu-
id) at high pressure and rate into a reservoir via one or
more bores, for example, to one or more intervals to be
treated, which may cause a fracture or fractures to open
(e.g., new, pre-existing, etc.). As an example, a fracture
may be defined as including "wings" that extend outward-
ly from a bore. Such wings may extend away from a bore
in opposing directions, for example, according in part to
natural stresses within a formation. As an example, prop-
pant, such as grains of sand of a particular size, may be
mixed with a treatment fluid to keep a fracture (or frac-
tures) open when a treatment is complete. Hydraulic frac-
turing may create high-conductivity communication with
an area of a formation and, for example, may bypass
damage that may exist in a near-wellbore area. As an
example, stimulation treatment may occur in stages. For
example, after completing a first stage, data may be ac-
quired and analyzed for planning and/or performance of
a subsequent stage.
[0059] Size and orientation of a fracture, and the mag-
nitude of the pressure to create it, may be dictated at
least in part by a formation’s in situ stress field. As an
example, a stress field may be defined by three principal
compressive stresses, which are oriented perpendicular
to each other. The magnitudes and orientations of these
three principal stresses may be determined by the tec-
tonic regime in the region and by depth, pore pressure
and rock properties, which determine how stress is trans-
mitted and distributed among formations.
[0060] As an example, in situ stresses can control ori-
entation and propagation direction of hydraulic fractures,
which tend to be tensile fractures that open in the direc-
tion of least resistance. As an example, if the maximum
principal compressive stress is an overburden stress,

then the fractures tend to be vertical, propagating parallel
to the maximum horizontal stress when the fracturing
pressure exceeds the minimum horizontal stress.
[0061] As the three principal stresses tend to increase
with depth, the rate of increase with depth can define a
vertical gradient. The principal vertical stress, referred to
at times as overburden stress, is caused by the weight
of rock overlying a measurement point. Its vertical gra-
dient is known as the litho-static gradient. The minimum
and maximum horizontal stresses are the other two prin-
cipal stresses. Their vertical gradients, which may vary
widely by basin and lithology, tend to be controlled by
local and regional stresses, mainly through tectonics.
[0062] The weight of fluid above a measurement point
in normally pressured basins creates in situ pore pres-
sure. The vertical gradient of pore pressure is the hydro-
static gradient. However, pore pressures within a basin
may be less than or greater than normal pressures and
are designated as underpressured or overpressured, re-
spectively.
[0063] Where fluid pressure is monitored (see, e.g.,
the monitor block 458 of the method 450), a sudden drop
in pressure can indicate fracture initiation of a stimulation
treatment, as fluid flows into the fractured formation. As
an example, to break rock in a target interval, fracture
initiation pressure exceeds a sum of the minimum prin-
cipal stress plus the tensile strength of the rock. To de-
termine fracture closure pressure, a process may allow
pressure to subside until it indicates that a fracture has
closed. A fracture reopening pressure may be deter-
mined by pressurizing a zone until a leveling of pressure
indicates the fracture has reopened. The closure and re-
opening pressures tend to be controlled by the minimum
principal compressive stress (e.g., where induced down-
hole pressures exceed minimum principal stress to ex-
tend fracture length).
[0064] After performing fracture initiation, a zone may
be pressurized for furthering stimulation treatment. As
an example, a zone may be pressurized to a fracture
propagation pressure, which is greater than a fracture
closure pressure. The difference may be referred to as
the net pressure, which represents a sum of frictional
pressure drop and fracture-tip resistance to propagation
(e.g., further propagation).
[0065] As an example, a method may include seismic
monitoring during a treatment operation (e.g., to monitor
fracture initiation, growth, etc.). For example, as fractur-
ing fluid forces rock to crack and fractures to grow, small
fragments of rock break, causing tiny seismic emissions,
called microseisms. Equipment may be positioned in a
field, in a bore, etc. to sense such emissions and to proc-
ess acquired data, for example, to locate microseisms in
the subsurface (e.g., to locate hypocenters). Information
as to direction of fracture growth may allow for actions
that can "steer" a fracture into a desired zone(s) or, for
example, to halt a treatment before a fracture grows out
of an intended zone.
[0066] Fig. 5 shows an example of a geologic environ-

15 16 



EP 2 960 680 A1

10

5

10

15

20

25

30

35

40

45

50

55

ment 501 in an approximate perspective view and in an
approximate side view where the geologic environment
includes a monitoring bore 543 with a sensor array 544,
a treatment bore 546, a fracture 548, a surface 549 and
surface sensors 554 (e.g., seismic sensors, tiltmeters,
etc.). As an example, during growth of the fracture 548,
energy may be emitted as a microseismic event 556. As
shown, at least a portion of the energy associated with
the microseismic event 556 may be detected at one or
more sensors such as, for example, one or more sensors
of the sensor array 544 and/or one or more of the surface
sensors 554.
[0067] Where energy is sensed via the sensor array
544, such an approach may be referred to as a crosswell
survey or crosswell technique. As illustrated in Fig. 5, the
bore 546 may be an injection bore, for example, for in-
jecting fluid, particles, chemicals, etc. germane to frac-
turing (e.g., a fracturing operation) and the bore 543 may
be referred to as a monitoring bore (e.g., or a receiver or
sensor bore).
[0068] As an example, tiltmeter information as to frac-
ture-induced tilt or deformation may be acquired and an-
alyzed and/or seismographic information as to microseis-
mic energy may be acquired and analyzed. As an exam-
ple, a map of deformation at a surface may allow for es-
timation of one or more of azimuth, dip, depth and width
of a fracture. As an example, an acquisition system may
be selected based in part on fracture depth. For example,
microseismology may be implemented for monitoring
where a fracture is expected to cause relatively little de-
tectable surface tilt or deformation.
[0069] Fig. 5 also shows an example of a method 580
that includes an acquisition block 584 for acquiring data,
an analysis block 588 for analyzing at least a portion of
the acquired data and an adjustment block 592 for ad-
justing one or more field operations, for example, based
at least in part on the analyzing. Such a method may
include acquiring microseismic data, analyzing at least
a portion of the microseismic data and optionally adjust-
ing one or more field operations based at least in part on
the analyzing. As an example, a method may include
rendering to a display visual representations of informa-
tion associated with one or more fractures, for example,
to determine size, orientation, etc. of one or more frac-
tures. As an example, a method may include rendering
to a display visual representations of one or more events
such as, for example, microseismic events (e.g., as to
locations, magnitude, stage, etc.).
[0070] The method 580 may be associated with vari-
ous computer-readable media (CRM) blocks or modules
585, 589 and 593. Such blocks or modules may include
instructions suitable for execution by one or more proc-
essors (or processor cores) to instruct a computing de-
vice or system to perform one or more actions. As an
example, a single medium may be configured with in-
structions to allow for, at least in part, performance of
various actions of the method 580. As an example, a
computer-readable medium (CRM) may be a computer-

readable storage medium (e.g., a non-transitory medium
that is not a carrier wave).
[0071] Fig. 6 shows an example of a microseismic sur-
vey 610, which may be considered to be a method that
implements equipment for sensing elastic wave emis-
sions of microseismic events (e.g., elastic wave energy
emissions caused directly or indirectly by a treatment).
As shown, the survey 610 is performed with respect to a
geologic environment 611 that may include a reflector
613. The survey 610 includes an injection bore 620 and
a monitoring bore 630. Fluid injected via the injection
bore 620 generates a fracture 622 that is associated with
microseismic events such as the event 624. As shown
in the example of Fig. 6, energy of a microseismic event
may travel through a portion of the geologic environment
611, optionally interacting with one or more reflectors
613, and pass to the monitoring bore 630 where at least
a portion of the energy may be sensed via a sensing unit
634, which may include a shaker, three-component geo-
phone accelerometers isolated from a sensing unit body
(e.g., via springs, etc.), coupling contacts, etc. In the ex-
ample of Fig. 6, the sensed energy includes compres-
sional wave energy (P-wave) and shear wave energy (S-
wave).
[0072] As an example, sensed energy may be ana-
lyzed, for example, to determine one or more of distance
and azimuth from a sensor to a source of an elastic wave
emission and depth of a source of an elastic wave emis-
sion (e.g., to determine location information, etc.). In a
fracturing operation, a source of an elastic wave emission
may be registered as an event, which can include a time,
a location and one or more acquired signals (e.g., traces).
As an example, information associated with an event may
be analyzed to determine one or more of location and
magnitude.
[0073] As an example, distance (d) to an event may
be derived by measuring a time difference (ΔT) between
arrival times for a P-wave (TP) and an S-wave (TS). The
value of the distance d may depend on use of a velocity
model that characterizes velocity of elastic wave energy
(e.g., elastic waves) with respect to depth. A velocity
model may describe P-wave velocity and S-wave velocity
with respect to depth (e.g., variation in material, pres-
sures, etc. of a geologic environment).
[0074] As an example, azimuth to a microseismic event
may be determined by analyzing particle motion of P-
waves, for example, using hodograms. Fig. 6 shows an
example of a hodogram 660 as a plot of sensed energy
along at least two geophone axes as a function of time.
A hodogram may be a graph or curve that displays time
versus distance of motion. For example, a hodogram may
be a crossplot of two components of particle motion over
a time window. Hodograms may be part of a borehole
seismologic survey where they may be used to determine
arrival directions of waves and to detect shear-wave split-
ting.
[0075] As to determination of depth of a microseismic
event, as illustrated in a plot 680, P-wave and S-wave
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arrival delays between sensors, or moveout, at the mon-
itoring bore 630 may be analyzed.
[0076] Microseismicity recorded during multistage
fracture treatments may provide disperse "clouds" of
events (e.g., located at individual event hypocenters). As
an example, a method can include analyzing clouds of
events to extract planar-type features, which may be in-
dicative of fracture location, directions of stresses, etc.
[0077] Effectiveness of hydro-fracturing, as a stimula-
tion method, can depend on multiple variables and com-
peting effects. For instance, a hydraulic fracture, or
stage-fracture, may be expected to propagate deeply into
a pay zone and increase surface area through which hy-
drocarbons can be drained from a formation to a well. As
to predicting behavior, for example, via modeling, various
variables (e.g., local stress, natural fracture network, in-
jection rate, fluid viscosity, etc.) can act together to de-
termine the size, orientation, aperture and geometry of
the resulting stage-fracture values, for such variables
may be not be known a priori, may be known with some
uncertainty, etc.
[0078] During creation or propagation, a hydraulic frac-
ture introduces changes in a stress field around it. For
example, an increase in the minimum horizontal stress,
Shmin (e.g., "stress shadow effect"), can affect pressure
needed to open a fracture (e.g., a subsequent fracture)
and its shape, thus potentially affecting in a negative way
effectiveness of a hydraulic-fracturing job. On the other
hand, these stress changes may also "reactivate" pre-
existing natural fractures thorough phenomena such as
shearing and dilatation, which potentially could have a
positive effect of increasing permeability within a Stimu-
lated Rock Volume (SRV). As an example, a stimulation
process may reactivate a number of natural fractures to
increase permeability within a region of interest, which
may be, post-stimulation, a SRV. As an example, a nat-
ural fracture may be considered to be active at some time
or times during its existence and may be considered to
be reactivated in response to an intervention such as a
stimulation treatment (e.g., hydraulic fracturing, etc.).
[0079] Stress shadows, microseismicity, stimulated
rock volume and production tend to be related in a com-
plex manner. It may be desirable to understand better
such processes, for example, to help predict magnitude
and consequences of a stress shadow and SRV. As an
example, a method may include establishing one or more
linkages between fracture geometry, microseismicity,
stress shadow, SRV and permeability.
[0080] As an example, a method can include defining
total reactivated fracture volume (RFV) in a manner
where it may be estimated by calculations based at least
in part on an elasto-plastic solution to a problem of open-
ing and shearing of one or more fractures under given
stress conditions. Such an approach can establish one
or more links between factors such as, for example, dy-
namic stress changes, microseismic activity, effective
changes in fracture aperture, and permeability. As an
example, a method may be a workflow that may include

worksteps. As an example, a method can include receiv-
ing input information from a multidimensional mechanical
earth model (e.g., consider a 3D MEM) and receiving
input information as to fracture geometry (e.g., consider
geometry of a discrete fracture network (DFN)). In such
an example, the method may be formulated numerically
where one or more numerical techniques may be applied
to solve equations for output values (e.g., results). As an
example, starting from a 3D MEM and guidelines on frac-
ture geometry, a numerical solution may be output for
permeability enhancements, microseismicity and RFV.
[0081] Fig. 7 shows an example of a method 700 that
may be a workflow. As shown, the method 700 includes
an input block 710 for inputting information such as in-
formation associated with a 3D MEM 714 and a DFN 718
and a calculation block 730 for calculating a production
forecast 760, for example, based on a process of a proc-
ess block 740 that includes a hydraulic fracturing work-
flow block 742 and a microseismic and reactivated frac-
tured volume calculation block 744 where a calibration
746 interacts with the blocks 742 and 744. For example,
the process block 740 can include iteratively calibrating,
per the calibration block 744, one or more aspects of
hydraulic fracturing per the block 742 and one or more
aspects of microseismic and RFV calculations per the
block 744. Such calibrating may act to reduce error of
one or more variables (e.g., via minimization, etc.) such
that the calculation block 730 can output the production
forecast 760. As shown, the production forecast 760 may
be output as values that can be represented with respect
to a model of a geologic environment. As an example, a
production forecast may include values over a drainage
area that includes a stress shadow region. For example,
production forecast values (e.g., pressure, etc.) may be
defined within a region that may be bound at least in part
by a stress shadow region. As an example, a production
forecast may be associated with one or more bores such
as a substantially horizontal bore that is in fluid commu-
nication with one or more hydraulic fractures that may be
substantially vertical (see, e.g., the model 420 of Fig. 4).
As an example, a production forecast may be based at
least in part on output from a reservoir simulator (e.g.,
consider the ECLIPSE™ simulator, etc.). As an example,
at least a portion of information of the process block 740
may be input to a reservoir simulator, for example, to
perform calculations that may be germane to the produc-
tion forecast 760.
[0082] As an example, a method can take, as input,
information from a 3D MEM and information from a model
of natural fractures (e.g., consider a DFN model) that can
include geometry and locations of natural fractures. Such
a method can be formulated into a portion that models
hydraulic fracturing creation and associated stress/strain
changes and into a portion that computes microseismicity
and RFV at least in part on modeled stresses/strains. In
such an example, the modeled stresses/strains may in-
clude stresses/strains based at least in part on changes
thereto that result from fracturing. As an example, pre-
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dicted microseismicty can be compared with available
field data for the purpose of calibration until an acceptable
match is obtained (e.g., after changing input parameters).
As an example, results obtained for a RFV may be used
to compute permeability (e.g., permeability changes) that
may be used to provide one or more production forecasts
(e.g., via a reservoir simulator, etc.).
[0083] Fig. 8 shows an example of a method 800 that
includes a reception block 810 for receiving mechanical
information of a geologic environment and location infor-
mation of natural fractures of the geologic environment;
a calculation block 820 for, using a model of the geologic
environment, calculating at least strain associated with
hydraulic fracturing in the geologic environment; a cal-
culation block 830 for calculating at least microseismicity
event locations based at least in part on the calculated
strain; a calibration block 840 for calibrating the model
based at least in part on the calculated microseismicity
event locations and based at least in part on measured
microseismicity information associated with the geologic
environment to provide a calibrated model; and a deter-
mination block 850 for, using the calibrated model, de-
termining an increase in reactivated fracture volume as-
sociated with hydraulic fracturing in the geologic environ-
ment.
[0084] The method 800 may be associated with vari-
ous computer-readable media (CRM) blocks or modules
811, 821, 831, 841 and 851. Such blocks or modules
may include instructions suitable for execution by one or
more processors (or processor cores) to instruct a com-
puting device or system to perform one or more actions.
As an example, a single medium may be configured with
instructions to allow for, at least in part, performance of
various actions of the method 800. As an example, a
computer-readable medium (CRM) may be a computer-
readable storage medium (e.g., a non-transitory medium
that is not a carrier wave).
[0085] As an example, a model may consider a geo-
logic environment as a homogenous medium. As an ex-
ample, a stability function may be formulated that de-
pends on maximum effective principal stress (σ1), mini-
mum effective principal stress (σ3) and a material friction
angle (φ). For example, consider the following equation: 

[0086] As an example, a perturbation of a stress field
introduced by opening of a hydraulic fracture may be
quantified via changes in stability function (e.g., per the
foregoing equation).
[0087] As an example, a stability function can provide
a measure of the likelihood of failure of discontinuities
optimally oriented to slide under given stress conditions.
For example, negative changes of the stability function
Δfs < 0 result from changes in stress magnitude into a
state for which discontinuities are more stable; and pos-

itive changes, Δfs > 0, denote the evolution into a stress
state for which various oriented discontinuities are closer
to failure (e.g., discontinuities optimally oriented, near
optimally oriented, etc.).
[0088] Fig. 9 shows examples of plots 910, 930 and
950. The plot 910 illustrates three-dimensional stress
change in a neighborhood of a hydraulic fracture in a
model where the hydraulic fracture is made within a mod-
el of a homogeneous medium. The plot 910 includes ex-
amples of values of Δfs (e.g., in psi) some of which are
less than zero and some of which are greater than zero.
The plots 930 and 950 include Mohr’s circles, two-dimen-
sional graphical representations of the transformation
law for the Cauchy stress tensor. In the plots 930 and
950 the abscissa (σ) and ordinate (τ) of each point on a
circle are the magnitudes of the normal stress and shear
stress components, respectively (e.g., acting on the ro-
tated coordinate system). Thus, a circle is the locus of
points that represent the state of stress on individual
planes at their orientations, where the axes represent the
principal axes of the stress element. The plots 930 and
950 show examples for pre-fracturing and post-fracturing
as associated with regions corresponding to A and B,
respectively, in the plot 910. As indicated in the plots 930
and 950 shifts may occur, for example, for the region A
(e.g., region ahead of a hydraulic fracture), the plot 930
shows a positive shift in σ3 (e.g., the minimum principal
effective stress component) while, for the region B (e.g.,
region near tip of a main hydraulic fracture), the plot 950
shows a negative shift for σ3. The plots 930 and 950 also
show σ1 (e.g., the maximum principal effective stress
component); noting an increase in Region A post-frac-
turing, as shown in the plot 930.
[0089] As shown in the plot 910, induced stress chang-
es are three-dimensional where, for example, Δfs can be
negative inside a volume in front of the fracture plane
and positive inside a volume that extends above and be-
low the hydraulic fracture from its edges. As an example,
reactivation of natural fractures can depend on such
stress changes and on orientation of fractures and initial
stress state.
[0090] Fig. 10 shows example plots 1010 and 1030
associated with an example of a model of fractured rock.
In the example model, natural fractures are planar and
distributed within the simulation volume. In Fig. 10, the
plot 1010 shows a hydraulic fracture as associated with
a stimulation well while the plot 1030 is a stereonet plot
that depicts points representing individual fracture orien-
tations. As shown in the plot 1030, the distance from a
point to a center of a circle indicates dip angle of a rep-
resented fracture, from zero at the center of the plot 1030
to 90 degrees at the edge. Individual natural fractures
may be modeled, for example, as a planar rectangle (e.g.,
a polygon). As an example, length may be sampled from
a distribution, for example, consider a power-law distri-
bution.
[0091] Fig. 11 shows example plots 1110 and 1130 for
a geologic environment that includes Well I, Well J and
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Well K, which may be, for example, wells scheduled for
stimulation to reactivate natural fractures (e.g., via a hy-
draulic fracturing). The plot 1110 shows stress perturba-
tions around a set of interfering hydraulic fractures. The
plot 1110 shows change in the minimum principal stress
due to opening of hydraulic fractures and associated mi-
cro-seismicity (e.g., as calculated).
[0092] Fig. 12 shows a plot 1210 of isosurfaces of ap-
erture changes in reactivated natural fractures. The plot
1210 shows Well I, Well J and Well K, for example, as
illustrated in the plot 1110 of Fig. 11. The contours in the
plot 1210 are from a simulation and indicate predicted
aperture changes of reactivated fractures after stimula-
tion of Well I. As shown, the change in aperture of each
of the reactivated fractures was obtained from the plastic
shear deformation and the dilation angle (e.g., assumed
to be about 10 degrees). As an example, total new vol-
ume created due to opening of reactivated fractures may
be defined as "Total Reactivated Fracture Volume" (e.g.,
total RFV). As an example, a sub-volume of the total RFV
that results from reactivated fractures, that are connected
to the stages in the well either directly or through other
reactivated fractures may be referred to as "Interconnect-
ed Fracture Volume" (e.g., IFV). As an example, a meth-
od may include calculating RFV and IFV for a region. In
such an example, RFV and IFV may be analyzed, op-
tionally in conjunction with microseismicity; noting that
stress-induced changes due to fracturing may reactivate
a substantial number of fractures whether or not such
reactivation is detected as microseismicity.
[0093] As an example, a method can include determin-
ing a volume associated with reactivation of natural frac-
tures connected, directly and/or indirectly, to a stimula-
tion well or wells. As an example, a method can include
rendering a representation of a volume associated with
reactivation of natural fractures to a display. As an ex-
ample, such a representation may be rendered along with
representations of one or more wells, stress (e.g., stress
contours, etc.), one or more surfaces, etc. As an example,
where fracturing occurs in stages, a method may include
accounting for a stage-by-stage parameters. For exam-
ple, a stage may be modeled via a computational model
and then the stage may be performed based at least in
part on the computational model (e.g., model results). A
computational model may then be revised (e.g., updated)
to account for the already performed stage and to model
another stage. For example, a model may include infor-
mation for a prior stage and may include information for
generation of a future stage.
[0094] Fig. 13 shows an example of a visualization of
a model for modeling a geologic environment. The visu-
alization of Fig. 13 may be a graphical user interface that
can be rendered to a display of a computing system, for
example, via execution of instructions by one or more
processors where information may be provided as to lo-
cations of wells, microseismic events, etc. The visualiza-
tion of Fig. 13 shows new well microseismicity (e.g., com-
puted synthetic seismicitiy), a stress shadow region, a

prior pad with wells and associated fractures and micro-
seismicity and a "next stage" representation of a fracture
that may be planned for creation in a stage of a fracturing
process applied to the geologic environment represented
by the visualization.
[0095] Fig. 14 shows an example of a visualization of
a model for modeling a geologic environment. The visu-
alization of Fig. 14 may be a graphical user interface that
can be rendered to a display of a computing system, for
example, via execution of instructions by one or more
processors where information may be provided as to lo-
cations of wells, microseismic events, etc. The visualiza-
tion of Fig. 14 shows regions of reactivated fracture vol-
ume (RFVs) as associated with a geologic environment
that has been subject to a fracturing process (e.g., a stim-
ulation treatment or treatments such as hydraulic frac-
turing), a stimulation well, a prior pad with wells and as-
sociated RFVs, a "next stage" representation of a fracture
that may be planned for creation in a stage of a fracturing
process applied to the geologic environment represented
by the visualization and a region of permeability change
(see, e.g., dashed line). Also shown in Fig. 14 are thick
lines that represent geometry of fractures such as natural
fractures (e.g., from a discrete fracture network "DFN",
etc.).
[0096] Fig. 15 shows an example of a method 1500
that includes input 1510 to a workflow 1530. As shown,
input 1510 can include input of a multidimensional me-
chanical earth model 1515 (e.g., a 3D MEM) and input
of a fracture network 1525, such as, for example, a dis-
crete fracture network (DFN).
[0097] As an example, the workflow 1530 can include
a hydraulic fracturing workflow block 1535, a calibration
block 1545, a microseismic and volume calculation block
1555 and a production forecast block 1565. As shown,
the calibration block 1545 may calibrate information of
the blocks 1535 and 1555. As an example, information
output from at least from volume calculations (e.g., per
the block 1555) may be input to the production forecast
block 1565 to compute at least one production forecast
(e.g., based at least in part on one or more reactivated
fracture volumes).
[0098] As an example, a workflow may include one or
more of the following: a definition block that can define,
for a concept of Total Reactivated Fractured Volume (To-
tal RFV), a method of calculation based on one or more
elasto-plastic solutions for opening/shearing of fractures
under given stress conditions where such an approach
may establish a link between dynamic stress changes,
microseismic activity, effective changes in fracture aper-
ture, and permeability; a modeling block that can provide
for stress/strain modeling at individual stages of stimu-
lation, for example, beyond a near-fracture or near-well
environment, that can address and quantify stress shad-
ow effects, potential fault reactivation and well interfer-
ence/stability changes, etc.; a prediction block that may
provide for predicting synthetic micro-seismicity, which
can be directly compared with field data for the purposes
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of calibration; a scenario block for providing capabilities
to treat multi-well and multi-pad scenarios; and a calcu-
lation block to calculate local permeability enhancements
from the RFV, at the local and/or global scale, at one or
more individual stages.
[0099] Referring to Fig. 15, as an example, the hydrau-
lic fracturing workflow block 1535 can be associated with
a process of hydro-fracturing that itself accounts for the
opening of the hydraulic fracture against the surrounding
rock, due to an increase in pressure, and for the action
of the proppant material to partially prevent the fracture
from closing. Such a workflow can include calculating
displacements of intact material and discontinuities, and
tensors of stress and elasto-plastic deformation through-
out a pad (e.g., particular region under consideration).
Hydraulic fracturing modeling may provide for elasto-
plastic solutions that can be obtained for opening and/or
closing stages of a hydraulic fracture.
[0100] Referring to Fig. 15, as an example, microseis-
micity aspects of the block 1555 may include evaluating
changes in plastic strain in cells crossed by a DFN (e.g.,
per the block 1525) at individual points in time where
such changes may be processed to predict microseis-
micty. For example, a plastic strain tensor may be pro-
jected on discontinuity planes before opening a hydraulic
fracture to obtain a reference value for cumulated plastic
strain during initialization and/or for plastic strain that
could be related to the history of the material; then, the
plastic strain tensor may be projected again on the dis-
continuity planes but during the opening and closing of
the hydraulic fractures. In such an example, one or more
increases in the projected shear plastic strain, with re-
spect to the referential value, on a fracture may be inter-
preted as a microseismic event. As an example, magni-
tude of an individual microseismic event may also be
computed from the strain tensor and the stiffness matrix,
which in turn depends on the mechanical properties of
the fractured rock. As computed, synthetic microseismic-
ty can serve as a link to calibrate the model by comparison
with field observations (e.g., field data).
[0101] Referring to Fig. 15, as to reactivated fracture
volume (RFV or, e.g., IFV), once a model is calibrated
against field microseismic data from the field (e.g., per
the calibration block 1545). As an example, the plastic
strain tensor (e.g., used to compute microseismicity) may
be decomposed into the normal and shear components
on the discontinuity planes. In such an example, change
in the normal component can then be assumed to be
proportional to aperture changes of the discontinuities.
In such an example, the associated increase in the vol-
ume may then be integrated within the volume studied
to obtain RFV (e.g., total RFV). As an example isosur-
faces of RFV values can be generated to depict the extent
of the obtained RFV, (see e.g. the RFVs of Fig. 14). As
an example, information may be rendered to a display,
etc. where such information pertains to fracture volume
(e.g., RFV, IFV, etc.).
[0102] As an example, where deformations are great-

er, the magnitude of seismic events and the local perme-
ability changes are also greater. From this point, predict-
ing local permeability changes may be performed by up-
scaling the fracture network with the updated apertures
to the reservoir simulation grid. As mentioned, calculated
local permeabilities may be further exploited if input as
information into a reservoir simulator (e.g., consider the
ECLIPSE™ simulator), which may be executed using a
computing system to predict production.
[0103] As an example, one or more graphical user in-
terfaces (GUIs) may be based at least in part on instruc-
tions stored in memory of a computing system and exe-
cutable by one or more processors to render such illus-
trations to a display (e.g., local and/or remote displays).
As an example, one or more RFVs may be mapped into
a geomechanical grid together with the computed per-
meability changes. As may be appreciated, the stress
shadow region and one or more permeability changes
may be examined via visualization, processing of data,
etc. Such information may aid in prediction or forecasting
production. For example, where permeability changes
are estimated by a workflow, such information may be
input to a reservoir simulator that can simulate produc-
tion. Output from a reservoir simulator may show that
flow occurs from higher permeability regions as fractured
(e.g., new and/or activated fractures) and then decreases
as those regions are depleted (e.g., pressure drop, etc.)
where flow from the lower permeability regions may be
limited.
[0104] As an example, a workflow may include simu-
lating fractures. As an example, consider simulating com-
plex fractures in shale reservoirs. As mentioned, frac-
tures may be generated artificially, for example, via hy-
draulic fracturing. Hydraulic fracturing may be consid-
ered a stimulation treatment that may aim to enhance
recovery of one or more resources from a reservoir or
reservoirs.
[0105] As an example, a simulation framework may
include one or more modules that can model stimulation
of a geologic environment, for example, to generate one
or more fractures. For example, consider the commer-
cially available MANGROVE™ engineered stimulation
design package that may be operated in conjunction with
a framework such as, for example, the PETREL™ frame-
work (e.g., optionally in the OCEAN™ framework). The
MANGROVE™ package may be operated as a hydraulic
fracturing simulator and may be, for example, integrated
into one or more seismic-to-simulation workflows (e.g.,
for conventional and/or unconventional reservoirs). As
an example, the MANGROVE™ package may be imple-
mented to grid and model complex fractures, which may
be used for reservoir simulation.
[0106] As an example, stimulation design functionality
may be implemented to predict realistic fracture scenar-
ios. For example, consider functionality that can provide
for simulation of nonplanar hydraulic fractures using an
unconventional fracture model (UFM) and/or wiremesh
model. As an example, a UFM may be implemented as
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to natural fractures (e.g., a naturally fractured reservoir).
[0107] Stimulation design may integrate one or more
of geological and geophysical (G&G), petrophysical, ge-
omechanical, and microseismic data. Stimulation mod-
eling may help to increase productivity and, for example,
reduce use of fracturing materials (e.g., fluid, proppant,
etc.).
[0108] As an example, a stimulation design package
may be implemented as a part of a workflow that aims
to optimize well completion designs. As a poorly com-
pleted well is not likely to produce at maximum potential,
an engineered process based on reservoir characteriza-
tion may provide better completion designs. Whether in-
put is G&G data via 3D models, well logs, offset wells,
or pilot wells, completion and stimulation designs may
be customizable to increase ROI by producing the res-
ervoir more effectively.
[0109] A stimulation design workflow may provide es-
timates of proppant placement, fracture network dimen-
sions, and reservoir penetration based on properties
such as rheology, leakoff pressure, friction performance,
permeability, and closure stress.
[0110] As an example, a feedback loop may be imple-
mented to compare simulations to actual results. For ex-
ample, real-time data, such as that acquired by a hydrau-
lic fracture mapping service (e.g., consider StimMAP as
a stimulation mapping service) may be analyzed and
compared to simulated results (e.g., to help to optimize
treatments as they are being performed). Such compar-
isons may help improve well planning and reduce oper-
ational risks.
[0111] As an example, a method may include extract-
ing from a Total Reactivated Fracture Volume (e.g., total
RFV), a sub-volume reactivated that is, for example, con-
nected to a stimulation well. Such a sub-volume may be
part of a Total Interconnected Fractured Volume (e.g.,
total IFV).
[0112] As an example, a method can include receiving
mechanical information of a geologic environment and
location information of natural fractures of the geologic
environment; using a model of the geologic environment,
calculating at least strain associated with hydraulic frac-
turing in the geologic environment; calculating at least
microseismicity event locations based at least in part on
the calculated strain; calibrating the model based at least
in part on the calculated microseismicity event locations
and based at least in part on measured microseismicity
information associated with the geologic environment to
provide a calibrated model; and, using the calibrated
model, determining an increase in reactivated fracture
volume associated with hydraulic fracturing in the geo-
logic environment. Such a method may include forecast-
ing production of the geologic environment based at least
in part on the reactivated fracture volume.
[0113] As an example, a method can include receiving
mechanical information of a geologic environment and
location information of natural fractures of the geologic
environment; using a model of the geologic environment,

calculating at least strain associated with hydraulic frac-
turing in the geologic environment; calculating at least
microseismicity event locations based at least in part on
the calculated strain; calibrating the model based at least
in part on the calculated microseismicity event locations
and measured microseismicity information associated
with the hydraulic fracturing in the geologic environment
to provide a calibrated model; and, using the calibrated
model, determining an increase in reactivated fracture
volume associated with the hydraulic fracturing in the ge-
ologic environment. Such a method may include fore-
casting production of the geologic environment based at
least in part on the reactivated fracture volume.
[0114] As an example, mechanical information may be
of a multidimensional mechanical earth model. As an ex-
ample, location information of natural fractures may be
of a discrete fracture network (DFN). In such an example,
a method can include calculating microseismicity based
at least in part on elasto-plastic deformation in cells of a
model as crossed by the DFN. As an example, a method
can include calculating microseismicity event locations
and event magnitudes. As an example, measured micro-
seismicity information may include event locations, event
magnitudes, event locations and magnitudes, etc.
[0115] As an example, a method can include determin-
ing an increase in reactivated fracture volume by decom-
posing a plastic strain tensor into normal and shear com-
ponents on discontinuity planes. Such an example may
include, based at least in part on normal components of
the plastic strain tensor on discontinuity planes, calculat-
ing aperture changes for discontinuities.
[0116] As an example, a method can include calculat-
ing values of a plastic strain tensor. Such an example
may include calculating microseismicity event location
by projecting the values of the plastic strain tensor on
discontinuity planes of a model before hydraulic fractur-
ing to obtain a reference value for cumulated plastic strain
during initialization and/or for plastic strain related to his-
tory of material of the geologic environment. As an ex-
ample, such a method can include projecting the plastic
strain tensor on the discontinuity planes during at least
opening of one or more hydraulic fractures of the hydrau-
lic fracturing. In such a method, an increase in the pro-
jected shear plastic strain, with respect to the referential
value, on a fracture may be interpreted as a microseismic
event. As an example, magnitude of a microseismic
event may be computed from a plastic strain tensor and
a stiffness matrix as dependent on mechanical properties
of fractured material in a geologic environment.
[0117] As an example, a system can include a proces-
sor; memory operatively coupled to the processor; and
one or more modules that include processor-executable
instructions stored in the memory to instruct the system
to receive mechanical information of a geologic environ-
ment and location information of natural fractures of the
geologic environment; use a model of the geologic envi-
ronment to calculate at least strain associated with hy-
draulic fracturing in the geologic environment; calculate
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at least microseismicity event locations based at least in
part on the calculated strain; calibrate the model based
at least in part on the calculated microseismicity event
locations and based at least in part on measured micro-
seismicity information associated with the geologic envi-
ronment to provide a calibrated model; and use the cal-
ibrated model to determine an increase in reactivated
fracture volume associated with hydraulic fracturing in
the geologic environment. As an example, a system can
include instructions to instruct the system to forecast pro-
duction of the geologic environment based at least in part
on the reactivated fracture volume. As an example, a
system can include instructions to calculate at least mi-
croseismicity event locations and instructions to calcu-
late event magnitudes.
[0118] As an example, one or more computer-readable
storage media can include computer-executable instruc-
tions to instruct a computer to: receive mechanical infor-
mation of a geologic environment and location informa-
tion of natural fractures of the geologic environment; use
a model of the geologic environment to calculate at least
strain associated with hydraulic fracturing in the geologic
environment; calculate at least microseismicity event lo-
cations based at least in part on the calculated strain;
calibrate the model based at least in part on the calcu-
lated microseismicity event locations and based at least
in part on measured microseismicity information associ-
ated with the geologic environment to provide a calibrat-
ed model; and use the calibrated model to determine an
increase in reactivated fracture volume associated with
hydraulic fracturing in the geologic environment. As an
example, one or more computer-readable media may in-
clude instructions to instruct a computer to forecast pro-
duction of the geologic environment based at least in part
on the reactivated fracture volume. As an example, in-
structions to calculate at least microseismicity event lo-
cations can include instructions to calculate event mag-
nitudes.
[0119] As an example, a workflow may be associated
with various computer-readable media (CRM) blocks.
Such blocks generally include instructions suitable for
execution by one or more processors (or cores) to instruct
a computing device or system to perform one or more
actions. As an example, a single medium may be con-
figured with instructions to allow for, at least in part, per-
formance of various actions of a workflow. As an exam-
ple, a computer-readable medium (CRM) may be a com-
puter-readable storage medium. As an example, blocks
may be provided as one or more modules, for example,
such as the one or more modules 270 of the system 250
of Fig. 2.
[0120] Fig. 16 shows components of an example of a
computing system 1600 and an example of a networked
system 1610. The system 1600 includes one or more
processors 1602, memory and/or storage components
1604, one or more input and/or output devices 1606 and
a bus 1608. In an example embodiment, instructions may
be stored in one or more computer-readable media (e.g.,

memory/storage components 1604). Such instructions
may be read by one or more processors (e.g., the proc-
essor(s) 1602) via a communication bus (e.g., the bus
1608), which may be wired or wireless. The one or more
processors may execute such instructions to implement
(wholly or in part) one or more attributes (e.g., as part of
a method). A user may view output from and interact with
a process via an I/O device (e.g., the device 1606). In an
example embodiment, a computer-readable medium
may be a storage component such as a physical memory
storage device, for example, a chip, a chip on a package,
a memory card, etc. (e.g., a computer-readable storage
medium).
[0121] In an example embodiment, components may
be distributed, such as in the network system 1610. The
network system 1610 includes components 1622-1,
1622-2, 1622-3, ... 1622-N. For example, the compo-
nents 1622-1 may include the processor(s) 1602 while
the component(s) 1622-3 may include memory accessi-
ble by the processor(s) 1602. Further, the component(s)
1602-2 may include an I/O device for display and option-
ally interaction with a method. The network may be or
include the Internet, an intranet, a cellular network, a sat-
ellite network, etc.
[0122] As an example, a device may be a mobile device
that includes one or more network interfaces for commu-
nication of information. For example, a mobile device
may include a wireless network interface (e.g., operable
via IEEE 802.11, ETSI GSM, BLUETOOTH™, satellite,
etc.). As an example, a mobile device may include com-
ponents such as a main processor, memory, a display,
display graphics circuitry (e.g., optionally including touch
and gesture circuitry), a SIM slot, audio/video circuitry,
motion processing circuitry (e.g., accelerometer, gyro-
scope), wireless LAN circuitry, smart card circuitry, trans-
mitter circuitry, GPS circuitry, and a battery. As an ex-
ample, a mobile device may be configured as a cell
phone, a tablet, etc. As an example, a method may be
implemented (e.g., wholly or in part) using a mobile de-
vice. As an example, a system may include one or more
mobile devices.
[0123] As an example, a system may be a distributed
environment, for example, a so-called "cloud" environ-
ment where various devices, components, etc. interact
for purposes of data storage, communications, comput-
ing, etc. As an example, a device or a system may include
one or more components for communication of informa-
tion via one or more of the Internet (e.g., where commu-
nication occurs via one or more Internet protocols), a
cellular network, a satellite network, etc. As an example,
a method may be implemented in a distributed environ-
ment (e.g., wholly or in part as a cloud-based service).
[0124] As an example, information may be input from
a display (e.g., consider a touchscreen), output to a dis-
play or both. As an example, information may be output
to a projector, a laser device, a printer, etc. such that the
information may be viewed. As an example, information
may be output stereographically or holographically. As
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to a printer, consider a 2D or a 3D printer. As an example,
a 3D printer may include one or more substances that
can be output to construct a 3D object. For example, data
may be provided to a 3D printer to construct a 3D repre-
sentation of a subterranean formation. As an example,
layers may be constructed in 3D (e.g., horizons, etc.),
geobodies constructed in 3D, etc. As an example, holes,
fractures, etc., may be constructed in 3D (e.g., as positive
structures, as negative structures, etc.).
[0125] Although only a few example embodiments
have been described in detail above, those skilled in the
art will readily appreciate that many modifications are
possible in the example embodiments. Accordingly, all
such modifications are intended to be included within the
scope of this disclosure as defined in the following claims.
In the claims, means-plus-function clauses are intended
to cover the structures described herein as performing
the recited function and not only structural equivalents,
but also equivalent structures. Thus, although a nail and
a screw may not be structural equivalents in that a nail
employs a cylindrical surface to secure wooden parts to-
gether, whereas a screw employs a helical surface, in
the environment of fastening wooden parts, a nail and a
screw may be equivalent structures. It is the express in-
tention of the applicant not to invoke 35 U.S.C. § 112,
paragraph 6 for any limitations of any of the claims herein,
except for those in which the claim expressly uses the
words "means for" together with an associated function.

Claims

1. A method (800) comprising:

receiving mechanical information of a geologic
environment and location information of natural
fractures of the geologic environment (810);
using a model of the geologic environment, cal-
culating at least strain associated with hydraulic
fracturing in the geologic environment (820);
calculating at least microseismicity event loca-
tions based at least in part on the calculated
strain (830);
calibrating the model based at least in part on
the calculated microseismicity event locations
and based at least in part on measured micro-
seismicity information associated with the geo-
logic environment to provide a calibrated model
(840); and
using the calibrated model, determining an in-
crease in reactivated fracture volume associat-
ed with hydraulic fracturing in the geologic en-
vironment (850).

2. The method of claim 1 further comprising forecast-
ing production of the geologic environment based at
least in part on the reactivated fracture volume.

3. The method of claim 1 wherein the calculating at
least microseismicity event locations comprises cal-
culating event magnitudes.

4. The method of claim 1 wherein the mechanical
information comprises mechanical information of a
multidimensional mechanical earth model.

5. The method of claim 1 wherein the location infor-
mation of the natural fractures comprises location
information of a discrete fracture network.

6. The method of claim 5 wherein the calculating at
least microseismicity event locations comprises cal-
culating microseismicity event locations based at
least in part on elasto-plastic deformation in cells of
the model as crossed by discrete fractures of the
discrete fracture network.

7. The method of claim 1 wherein the determining
an increase in reactivated fracture volume compris-
es decomposing a plastic strain tensor into normal
and shear components on discontinuity planes.

8. The method of claim 7 further comprising, based
at least in part on normal components of the plastic
strain tensor on discontinuity planes, calculating ap-
erture changes for discontinuities.

9. The method of claim 1 wherein the calculating at
least strain comprises calculating values of a plastic
strain tensor.

10. The method of claim 9 wherein the calculating
at least microseismicity event locations comprises
projecting the values of the plastic strain tensor on
discontinuity planes of the model before the hydrau-
lic fracturing to obtain a reference value for cumulat-
ed plastic strain during initialization and/or for plastic
strain related to history of material of the geologic
environment.

11. The method of claim 10 comprising projecting
the plastic strain tensor on the discontinuity planes
during at least opening of one or more hydraulic frac-
tures of the hydraulic fracturing.

12. The method of claim 11 wherein an increase in
the projected shear plastic strain, with respect to the
referential value, on a fracture is interpreted as a
microseismic event.

13. The method of claim 12 wherein magnitude of a
microseismic event is computed from the plastic
strain tensor and a stiffness matrix as dependent on
mechanical properties of fractured material in the ge-
ologic environment.
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14. A system (250) comprising:

a processor (256);
memory (258) operatively coupled to the proc-
essor; and
one or more modules (270) that comprise proc-
essor-executable instructions stored in the
memory to instruct the system to
receive mechanical information of a geologic en-
vironment and location information of natural
fractures of the geologic environment (811);
use a model of the geologic environment to cal-
culate at least strain associated with hydraulic
fracturing in the geologic environment (821);
calculate at least microseismicity event loca-
tions based at least in part on the calculated
strain (831);
calibrate the model based at least in part on the
calculated microseismicity event locations and
based at least in part on measured microseis-
micity information associated with the geologic
environment to provide a calibrated model
(841); and
use the calibrated model to determine an in-
crease in reactivated fracture volume associat-
ed with hydraulic fracturing in the geologic en-
vironment (851).

16. The system of claim 15 further comprising in-
structions to instruct the system to forecast produc-
tion of the geologic environment based at least in
part on the reactivated fracture volume.

17. The system of claim 15 wherein the instructions
to calculate at least microseismicity event locations
comprise instructions to calculate event magnitudes.

18. One or more computer-readable storage media
comprising computer-executable instructions to in-
struct a computer to:

receive mechanical information of a geologic en-
vironment and location information of natural
fractures of the geologic environment (811);
use a model of the geologic environment to cal-
culate at least strain associated with hydraulic
fracturing in the geologic environment (821);
calculate at least microseismicity event loca-
tions based at least in part on the calculated
strain (831);
calibrate the model based at least in part on the
calculated microseismicity event locations and
based at least in part on measured microseis-
micity information associated with the geologic
environment to provide a calibrated model
(841); and
use the calibrated model to determine an in-
crease in reactivated fracture volume associat-

ed with hydraulic fracturing in the geologic en-
vironment (851).

19. The one or more computer-readable media of
claim 18 further comprising instructions to forecast
production of the geologic environment based at
least in part on the reactivated fracture volume.

20. The one or more computer-readable media of
claim 18 wherein the instructions to calculate at least
microseismicity event locations comprise instruc-
tions to calculate event magnitudes.
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